Abstract. Early detection is the hallmark of successful cancer treatment. Evidence is accumulating that primary cancers begin shedding neoplastic cells in the circulation at an early stage. To date, a high-sensitivity and high-throughput method for the detection of circulating tumor cells (CTCs) is deficient. In this study, we have developed a high-sensitivity colorimetric membrane-array method to detect CTCs in the peripheral blood of colorectal cancer (CRC) patients as a potential diagnostic tool. Previously, we identified a set of 18 oligonucleotide clones, significantly overexpressed in CRC, which were synthesized and applied to a nylon membrane. Digoxigenin (DIG)-labeled cDNA were amplified by reverse transcriptasepolymerase chain reaction (RT-PCR) from the peripheral blood of 88 Taiwanese CRC patients and 50 healthy subjects, and were then hybridized to the membrane-array. Hybridization signals were detected by color development. Meanwhile, blood samples were analyzed by real-time quantitative PCR (Q-PCR). Subsequently, both methods were compared regarding their correlation, sensitivity and specificity in the detection of CTCs by statistics. The results of membrane-arrays were demonstrated to be closely related to that of Q-PCR (P<0.001). The sensitivity and specificity of membrane-arrays for the detection of CTCs were 94.3% (95% CI, 86.4-102.2%) and 94% (95% CI, 85.9-102.1%), respectively. Moreover, the accuracy of membrane-arrays is higher than that of any one gene by Q-PCR. The detection rate of membrane-arrays was significantly associated with the depth of tumor invasion (P=0.002), the presence of lymph node metastasis (P=0.016), and TNM stage (P=0.005). The preliminary results indicated that the accuracy of membrane-arrays was sufficient to distinguish Taiwanese CRC patients from normal individuals with the advantages of time-saving, cost-effectiveness and high-throughput. Thus, the constructed colorimetric membranearray could be a promising approach for the future detection of CTCs.
Introduction
Colorectal cancer (CRC) is one of the most frequent malignancies and is also the third major cause of cancer-related death in Taiwan, with over 7000 new cases and 3000 deaths per year (http://www.doh.gov.tw/statistic/index.htm; accessed in August 2005). The diagnosis and the therapy of early-stage tumors have the potential to decrease the morbidity and mortality of CRC patients (1) . Invasive methods, such as sigmoidoscopy, colonoscopy and double-contrast barium enema, are valuable tools for the specific and sensitive detection and the exact localization of the CRC (2) . However, these techniques are unsuitable for broad screening programs mainly because of their low general acceptance and high-invasion (2) . Tests for faecal occult blood are non-invasive and useful, especially as an adjunct to sigmoidoscopy. However, the relatively high false-positivity rates and other problems have led to a search for more specific non-invasive tests (3) . Since early detection is one of the most effective means of reducing cancer mortality, the development of a sensitive, specific and convenient diagnostic method for detecting CRC at a very early stage is an issue of utmost important.
Evidence is accumulating that primary cancer begins shedding neoplastic cells into the circulation at an early stage (4-7). Thus, circulating tumor cells (CTCs) are a potential source for non-invasive and early diagnosis for CRC patients. Such neoplastic cells may be present in the bloodstream in very low numbers and would be hardly detected by conventional methods. Consequently, a sensitive and powerful method for detection of CTCs is essential, not only to increase the accuracy but also to aid in development of a novel non-invasive diagnostic strategy. Ultimately, such methods will probably redefine the most appropriate treatment and affect the outcome for patients with malignancies.
In an attempt to increase the sensitivity of detection of these CTCs, several approaches have been extensively exploited. Table I . Primer sequences used for real-time quantitative polymerase chain reaction. 
-----------------------------------------------------------------------------------------------------GenBank identity/symbol Primer 5'-3' sequence Length -----------------------------------------------------------------------------------------------------
In the last decade, the possibility of using molecular detection of CTCs by reverse transcriptase-quantitative polymerase chain reaction (RT-PCR) or real-time quantitative polymerase chain reaction (Q-PCR) of tumor-associated mRNA has received increasing attention. There is evidence that RT-PCR or Q-PCR makes it possible to detect minute quantities of a tumor-related molecular marker in the peripheral blood (8) (9) (10) (11) (12) . Although these methods provide useful data, one of the limitations was that the methodology could analyze only one molecular target per experiment. A panel of molecular markers would be necessary to increase the sensitivity of CTC detection (13) . Applying RT-PCR or Q-PCR for multiple gene expression would be time-wasting and laborious in clinical practice. Therefore, the development of a robust assay for simultaneously detecting CRCs with an excellent high-sensitivity and high-throughput quality, using a panel of informative molecular markers, is imperative. Although peripheral blood is the specimen of choice for a molecular-based technique (14) (15) (16) (17) , the detection of CTCs in the peripheral blood of CRC patients by a membrane-array method has not yet been reported. The objective of this study was to test our constructed high-sensitivity membrane-arrays that can detect disseminated CRC cells in the peripheral blood. Based on our previous study (18), we selected 18 candidate genes closest related to CRC to develop and construct a colorimetric membrane-array method using the same microarray principle. Subsequently, we also evaluated its diagnostic value in detecting CTCs in the peripheral blood of CRC patients. From our preliminary observation, the membrane-array method is a reliable tool for the detection of CTCs in CRC patients.
Materials and methods
Patients and samples. Eighty-eight patients undergoing elective surgery for CRC at the Department of Surgery of Kaohsiung Medical University Hospital between January 2003 and December 2004 were enrolled in this study. Forty-nine were males and 39 were females. The mean age was 61.9 years (range: 28-84 years). A 4-ml sample of peripheral blood was obtained from each CRC patient during tumor resection or palliative surgery. The same volume of peripheral blood samples taken from 50 healthy individuals served as controls. To prevent contamination of epithelial cells, the peripheral blood samples were obtained through a catheter inserted into a peripheral vessel, and the first 5 ml of blood were discarded. Written informed consent was obtained from all of the subjects and/or guardians for the use of their blood samples. The institutional review board of the Kaohsiung Medical University Hospital approved the sample acquisition and its subsequent use. Clinical stages and pathological features of primary tumors were defined according to the criteria of the American Joint Commission on Cancer (19 Cell culture. The SW-480 colon cancer cell line was obtained from the American Type Culture Collection, and cultured in Dulbecco's modified Eagle's medium (Gibco-BRL, Gaithersburg, MD) supplemented with 10% bovine fetal serum (Gibco-BRL), L-glutamine 2 mmol/l (Sigma-Aldrich, St. Louis, MO) and pyruvate 1 mmol/l (Sigma). Cell cultures were maintained in 5% CO 2 in air, and cells grown in monolayer were harvested by washing the dishes once with phosphate-buffered saline (PBS), pH 7.3, and then incubating the cells with PBS containing EDTA 0.53 mmol/l and 0.05% trypsin (Gibco-BRL) for 10-15 min at 37˚C. Cells were counted and viability was assessed by trypan blue dye exclusion.
Q-PCR.
Previously, we had used cDNA microarray and bioinformatics to analyze human genes involved in cell cycle, cell motility, cell adhesion, chemokines, signal transduction, cytoskeleton biogenesis and proteolysis on glass slides, and identified 23 genes related to CRC tumorigenesis and progression (18) . In the current investigation, we selected 18 candidate genes closest related to CRC tumorigenesis and progression. The sequences of Q-PCR primers for 18 target genes are listed in Table I . Q-PCR was performed in a Rotor-Gene 2070 thermocycler (Corbett Research Inc., Sydney, Australia). The reaction mixture contained 2 μl of 20 mM dNTP, 2 μl of 30 mM MgCl 2 , 2 μl of 20X SYBR green, 2 μl of 1 μM primer A, 2 μl of 1 μM primer B, 4 μl of nuclease free water, 2 μl of 80-100 ng/ml cDNA and 2 μl of 1U/μl polymerase. PCR conditions were as follows: 35 cycles of denaturation at 95˚C for 20 sec, annealing at 60˚C for 20 sec, and extension at 74˚C for 40 sec. PCR products were quantified by measuring the fluorescent intensity at the end of each amplification cycle.
Design of oligonucleotide probes and preparation of oligonucleotide membrane-arrays.
The procedure for the design and preparation of membrane-array was according to our recent study (20) . Using a version of OMP (Oligonucleotide Modeling Platform, DNA Software, Ann Arbor, MN), DNA software tailored to the specifics of membrane-array assay, probe sequences for each target are designed and a single best candidate is selected. Some of the criteria for selection are strong mismatch discrimination, minimal or no secondary structure, the signal strength at the assay temperature, and lack of cross-hybridization. Oligonucleotide probes are synthesized according to well designed sequences, purified and controlled before being grafted onto the substrates. The newly synthesized oligonucleotide fragments were dissolved in di-water to a concentration of 20 mM and then applied to a BioJet Plus 3000 nanoliter dispense system (BioDot Inc., Irvine, CA), which sequentially blotted the 18 target DNAs (Table II) , 1 housekeeping gene (ß-actin), and 1 non-mammalian plant gene (50 nl per spot and 1.5 mm between spots) onto a Nytran ® SuperCharge nylon membrane (Schleicher and Schuell, Dassel, Germany) and then cross-linked to the membrane using a UV Stratalinker 1800 (Stratagene, La Jolla, CA) in triplicate. Each spot consisted of 20 ng of PCR-amplified DNA derived from sequence-verified cDNA clones. DMSO was also dispensed onto the membrane as a blank control (Table III) .
Preparation of digoxigenin-labeled cDNA targets and hybridization. First-strand cDNA targets for hybridization were made by reverse transcription of mRNA from the peripheral blood of CRC patients or healthy individuals in the presence of digoxigenin (DIG)-labeled UTP (Roche Diagnostics GmbH, Penzberg, Germany) using SuperScript II reverse transcriptase (Gibco-BRL). The membrane-array needs prehybridization and blocking before hybridization. The lifts were Table II . Oligonucleotide probe sequences used for membrane-array. 
covered with the ExpressHyb Hybridization Solution (BD Biosciences, Palo Alto, CA) containing DIG-11-UTP-labeled cDNA probes, and then incubated with an anti-digoxigenin alkaline phosphatase conjugated antibody (Roche Diagnostics). We incubated arrays for hybridization at 42˚C for 6 h in a humid chamber. After washing, the array is then exposed to light that excites the light. For signal detection, the membranes were incubated for 15 min in a chromogen solution containing nitroblue-tetrazolium and 5-bromo-4-chloro3-indolyl-phosphate (NBT/BCIP). The hybridized membrane-arrays were then scanned using an Epson Perfection 1670 flat bed scanner (SElKO EPSON Corp., Nagano-ken, Japan). Subsequent quantification analysis of each spot's intensity was carried out using the commercial software AlphaEase ® FC software (Alpha Innotech Corp., San Leandro, CA). Spots consistently differing by a factor of cut-off value calculated from Receiveroperating characteristic (ROC) curves were considered as positive or overexpressed.
Assessment of the diagnostic accuracy of membrane-arrays.
Membrane-arrays were used to test a triplicated set of 18 CRC candidate genes for their ability to distinguish the blood of CRC patients from that of controls. The sensitivity, specificity and accuracy of membrane-arrays for the detection of disseminated tumor cells were analyzed. Investigators were blinded to these analyzed blood samples.
Statistical analysis. All data were analyzed using the Statistical Package for the Social Sciences Ver. 10.0 software (SPSS Inc., Chicago, IL). Linear regression and correlation between the Q-PCR and membrane-arrays were analyzed. ROC curves were performed for each target gene in the detection of CTCs by Q-PCR and membrane-arrays to investigate the discrimination accuracy of these two test methods. The area under the ROC curves (AUC) and the corresponding 95% confidence intervals (CI) were calculated for each target gene using both tests. The cut-off with the highest accuracy (minimal falsenegative and false-positive results) was determined. Based on the calculated cut-off values, test results were classified as either positive or negative. The sensitivity and specificity of these dichotomous test results and the corresponding 95% CI were determined. Furthermore, we analyzed the accuracy of the membrane-array for distinguishing between the CRC patients and control subjects. ROC curves were constructed by plotting all possible sensitivity/specificity pairs for the membrane-array, resulting from calculating the cut-off values of the number of 18 target genes. The ¯2 test was used to analyze the detection of disseminated tumor cells in peripheral blood by membrane-arrays and the clincopathological features. A probability of <0.05 was considered to be statistically significant.
Results

Each gene expression analysis by Q-PCR and membrane-
arrays. The expression of 18 candidate genes in the peripheral blood samples of 88 CRC patients and 50 normal subjects was analyzed simultaneously using Q-PCR and membrane-arrays. Fig. 1 shows the correlation of the gene expression ratio analyzed by Q-PCR and membrane-arrays. There was a highly significant correlation between these two methods (P<0.001, r=0.979). The sensitivity and specificity of each gene by Table III . Schematic representation of membrane array with 18 genes associated with colorectal cancer, one housekeeping gene, one plant gene, and one blank control. Plant  CAPZ1  KCTD2  DAF  TM4SF3  SLC25A4  NGFR  ß-actin  Plant  CAPZ1  KCTD2  DAF  TM4SF3  SLC25A4  NGFR  ß-actin  Plant  CAPZ1  KCTD2  DAF  TM4SF3  SLC25A4 
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The symbols represent the genes spotted onto membrane-array, their GenBank identities are listed in Table I . 
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The symbols represent the target genes spotted onto membrane array, their GenBank identities are listed in Table II. b Area under the ROC curve.
c The optimal cut-off value for each target gene is calculated by Receiver-operating characteristic (ROC) curve analysis, and the measurement of gene expression is normalized to ß-actin. d Accuracy is defined as the proportion of samples correctly classified into CRC (true positives) or control (true negatives) groups.
from 50.0 to 92%, respectively. The ROC curves in Fig. 2 for 4 selected candidate genes by Q-PCR and membrane-arrays indicate a high accordance between the two test methods.
Diagnostic accuracy of membrane-arrays. ROC curve analyses were performed for the membrane-arrays to detect circulating CRC cells using data from all 138 individuals evaluated. For all 18 target genes, at a cut-off value for the number of 12 positive genes, a sensitivity of 94.3% (95% CI, 86.4-102.2%) and specificity of 94.0% (95% CI, 85.9-102.1%) for membranearrays were obtained (Fig. 3) . Therefore, a cut-off value of 12 was used for the discrimination between CRC patients and normal individuals. Our preliminary observation showed that there were 3 false positives (6%) and 5 false negatives (5.6%), and a remarkable accuracy of 94.2% and odds ratio of 25.91 (Table V) . The detection limitation of membrane-arrays was evaluated using a dilution test. SW-480 colon cancer cells (100, 25, 12, 6 cells) were mixed with 5 ml of peripheral blood obtained from a healthy volunteer. The detection sensitivity of membrane-arrays appears to be better than 25 cancer cells in 5 ml of blood, i.e. 5 cancer cells per 1 ml of blood (Fig. 4) . Fig. 5 revealed the hybridization results of membrane-arrays from CRC patients and control individuals. More than 12 genes were overexpressed in the peripheral blood of CRC patients, while ≤ 7 genes were overexpressed in that of normal controls. Table VI , no statistical significances were observed between the detection rate of membrane-arrays and patients' gender, tumor location, maximum tumor size, or cell differentiation type (all P>0.05). Conversely, the detection rate of membranearrays was significantly related to depth of tumor invasion (P=0.002), the presence of lymph node metastasis (P=0.016) and TNM stage (P=0.005). The frequency of stages I, II, III and IV CRC patients detected by membrane-arrays was in 72.7% (8/11), 92.6% (25/27), 100% (38/38) and 100% (12/12), respectively. Moreover, detecting CTCs by membrane-arrays was observed with a tendency of higher detection rate in CRC patients with advanced stage
Correlation between the detection rate of membrane-arrays and clincopathological features of CRC patients. As shown in
Discussion
Using either PCR-based methods (8) (9) (10) (11) (12) 21, 22) or immunocytochemical methods (23) , the apparent absence of CTCs in 20-40% of disseminated CRC patients suggests that CTCs were present but were not detected. The main possible reason Table V . The detection of disseminated tumor cells in the peripheral blood of CRC patients and control individuals by membrane-arrays. ---------------------------------------------- - Figure 4 . Detection sensitivity of the membrane-array using a diluted CRC cell line. SW-480 cells were mixed with 5 ml of the peripheral blood obtained from a healthy volunteer. According to software analysis, a cell density of 100 cells/5 ml normal blood yielded gene overexpression in 14 of 18 genes and that of 25 cells/5 ml yielded 12 overexpressed genes, both of which were positive for membrane-array analysis. In contrast, a density reduced to 12 cells/5 ml only yielded 3 overexpressed genes, determined to be negative. The genes within the red circles represent ß-actin (positive control). Figure 5 . Differential gene expression patterns in a CRC patient and healthy subject. Thirteen or fourteen of a triplicated set of 18 candidate tumor marker genes were overexpressed in the CRC patient, whereas only 7 or 4 genes were overexpressed in the normal control. Thus, the results for the CRC patient and control were interpreted as positive and negative, respectively. The membrane-array consisted of 18 elements of CRC-associated genes; 1 element of the housekeeping gene and 1 plant gene as positive and negative controls were spotted onto the nylon membranes. ---------------------------------------------- 
contributing to a failure to detect CTCs may be inter-tumoral variation in mRNA expression of the tumor-related genes, because an RT-PCR or Q-PCR assay only selects one or two target molecules. Consequently, a group of candidate genes related to CRC carcinogenesis would probably overcome intertumoral variations, and increase the detection rate for CTCs.
Several highly sensitive methods, including cDNA arrays, have been developed to detect CTCs of patients with different types of malignancies (24) . Although Takemasa et al (25) and Lin et al (26) have constructed a cDNA microarray specialized for human CRC development and progression, our present investigation is the first report of membranearray methods to detect circulating CRC cells to date. The results of this present study showed that a membrane-array method designed from a group of specific oligonucleotide probes for the detection of CTCs in the peripheral blood of CRC patients is a useful, reliable and convenient method. This simple method does not need expensive equipment as the conventional fluorescence based microarray does and, hence, it is economically accessible for the average laboratory. In the present investigation, membrane-arrays were demonstrated to highly significantly correlate (correlation coefficient = 0.979) with Q-PCR for the detection of each target gene expressed in CTCs. Hence, the high-throughput of constructed membrane-arrays would be an advantage when using a set of selected candidate genes for cancer diagnostics. Compared to other published blood-based RT-PCR or Q-PCR assays, whose sensitivity was reported to be between 34 and 88% (8, 11, 14, 15, 21, 27 ), this membrane-array assay was found to be more accurate in discriminating CRC patients from normal subjects.
The outstanding 94.2% accuracy and striking correlation to clinical stage of membrane-array assay enables its potential application in the early detection and postoperative surveillance of CRC. Moreover, the detection of CTCs by membrane-arrays was observed with a tendency to a higher detection rate in CRC patients with lymph node metastasis or advanced stage. All T4 tumors, positive lymph mode metastases, stage III and IV patients were identified using the present analysis. Therefore, the identification of CTCs in CRC patients could lead to novel staging approaches, prognostic values and treatment modalities. The membrane-array assay resulted in a false positive rate of 6% (3 out of 50) and a false negative rate of 5.6% (5 out of 88) but it is quite comparable with other immunocytochemical and molecular methods which have been applied to detect occult disseminated tumor cells in CRC patients (8, (28) (29) (30) . In these cases of false positives, it is possible that the membrane-array detected disseminated nonmalignant bowel cells which were in the circulation because of inflammation or other normal colorectal processes, and possible contamination of normal skin cells (31) . Further testing is necessary to determine the reason for positive molecular marker responses in healthy individuals. In these cases of false negatives, explanations include the possibilty that tumor cells are intermittently flowing into the bloodstream of the bowel and heterogeneity of the tumor cells (23, 32, 33) . Furthermore, image processing or the hybridization process is proposed to be one of the major sources of fluctuations to be expected in array analyses (34) . Further improvement of sensitivity may be achieved with usage of immunomagnetic beads for treatment of a large blood volume (32, 35) , multiple blood sampling (14) or a refined normalization procedure (34) . On the other hand, designing new probes to replaces the false positive probes would be helpful in the improvement of the false positive rate and the sensitivity of this membrane-array assay.
Overall, our inexpensive established method for the detection of CTCs in CRC patients seems to be easy and promising, and it contributes to developing a reliable diagnostic tool for CRCs. This novel method uses the same principles as microarray analysis but does not require an expensive arrayer and scanner. Certainly, additional study of a larger patient population by means of a long-term followup is mandatory in order to confirm its potential relevance to the detection, prognosis and therapy of CRC.
